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ABSTRACT 
Graft copolymers formed by anchoring poly(ethylene glycol) (PEG) chains to 
conjugated polythiophene have been prepared by copolymerizing two compounds: 
unsubstituted -terthiophene (Th3) and a thiophene-derived macromonomer having an 
-terthiophene conjugated sequence and one Th3 bearing a PEG chain with molecular 
weight of 2000 as substitute at the 3-position of the central heterocycle (Th3-PEG2000). 
The grafting ratio of the resulting copolymers (PTh3
*
-g-PEG), which were obtained 
using 75:25 and 50:50 Th3-PEG2000:Th3 weight ratios, is significantly smaller than that 
of copolymers derived from polymerization of macromonomers consisting of a -
pentathiophene sequence in which the central ring bears a PEG chain of Mw= 2000 
(PTh5-g-PEG). The electroactivity and electrochemical stability of PTh3
*
-g-PEG is not 
only higher than that of PTh5-g-PEG but also higher than that of PTh3, the latter 
presenting a very compact structure that makes difficult the access and escape of dopant 
ions into the polymeric matrix during the redox processes. Furthermore, the optical -* 
lowest transition energy of PTh3
*
-g-PEG is lower than that of both PTh5-g-PEG and 
PTh3. These properties, combined with suitable wettability and roughness, result in an 
excellent behavior as bioactive platform of PTh3
*
-g-PEG copolymers, which are more 
biocompatible, in terms of cellular adhesion and proliferation, and electro-compatible 
than PTh5-g-PEG.  
 
Keywords: Bioactive platforms; Bottle-brush polymers; Cell proliferation; Conjugated 
polymers; Grafted copolymers; Molecular brushes 
  
 3 
 
INTRODUCTION 
Graft copolymers made of components with very different properties are receiving 
increasing attention.
1-4
 This kind of polymers are typically considered as hybrid 
materials able to amplify the properties of their individual components, exhibiting 
unusual characteristics because of their confined structure, compact organization and 
notable chain end effects. 
Bottle-brush polymers, also called molecular brushes, are a special class of graft 
copolymers that usually contain a linear polymer backbone and densely grafted 
oligomeric side chains.
5,6
 The unique self-assembly in solution or melt state and their 
potential application as nano-, bio-, and photonic-materials have drawn considerable 
attention.
7,8
 Synthetically, such macromolecular architectures can be prepared by three 
major approaches: (i)-grafting onto, (ii)-grafting from and (iii)- grafting through, each 
approach having its intrinsic advantages and drawbacks.
5
 The concept of brush 
polymers has been employed in the synthesis of conjugated polymers to increase 
solubility, as well as to demonstrate unique optical properties and morphology 
control.
9,10
  
Among bottle-brush copolymers, those formed by semiconducting conjugated 
polythiophene (PTh) backbone and isolating polymers have been prepared in an attempt 
to combine different interesting properties in one material and to achieve 
multifunctional polymers. For example, the very limited solubility and processability of 
unsubstituted PTh has been improved by grafting polystyrene,
11,12
 poly(methyl 
acrylate)
13
 or poly(ethylene glycol)
14
 (PEG) to the polyheterocyclic backbone. Grafting 
strategies have been also used to develop thermochromic polymers by anchoring 
thermoresponsive poly(N-isopropylacrylamide) and PEG on PTh backbone
15,16
 as well 
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as donor--acceptor molecular species by preparing PTh-graft-(styrene-graft-C60) 
copolymers.
17
  
Most of the above-mentioned example of PTh bottle-brush copolymers were 
obtained by “grafting from” methods using chemical polymerization. Similar 
architectures were also reported by employing the same method but via electrochemical 
polymerization.
18,19
 The “grafting through” approach for synthesis of molecular brushes 
offer the advantage of well-defined grafting density and side chain length, defect-free 
polymer structure, and even easy access to block copolymer synthesis.
10,11
 Tacking in 
account these emphasized advantages, amphiphilic bottle-brush copolymers formed by 
anchoring PEG side chains to conjugated PTh backbone has been very recently 
prepared by using the “grafting through” approach via electrochemical or chemical 
polymerization.
20,21
 Their suitability for various biotechnological and biomedical 
applications was demonstrated, as well. More specifically, thiophene-based oligomers 
consisting of a pentathiophene sequence in which the central ring bears a PEG side 
chain with molecular weight (Mw) of 1000 or 2000 at the 3-position (Th5-PEG1000 or 
Th5-PEG2000, respectively) were prepared by chemical synthesis and subsequently 
polymerized by potentiostatic methods, giving rise to PTh5-g-PEG1000 or PTh5-g-
PEG2000, respectively (Scheme 1).
20
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The influence of the polymerization potential, the length of the PEG branches and 
the dopant agent on the structure and properties of these graft copolymers was carefully 
examined.
20
 Results indicated that the two PTh5-g-PEGn derivatives tend to undergo a 
high number of anodic oxidation processes, which give place to the formation of 
charged species. In order to take profit of the distribution of charged species on the 
surface, the performance of these materials as active surfaces for the selective 
adsorption of proteins was tested. As it was expected, the affinity of these materials, 
especially PTh5-g-PEG2000, towards globular proteins is higher than towards fibrillar 
proteins.
20
  
More recently, the ability of the PTh5-g-PEGn copolymers as cellular matrices was 
investigated,
22
 their behavior being significantly better than that reported for other 
biocompatible CPs, as for example poly(3,4-ethylenedioxythiophene).
23
 This result was 
fully consistent with the hydrophilicity observed for the graft copolymers,
22
 which 
increases with the molecular weight of the PEG chain, and with the biphasic molecular 
organization predicted by atomistic molecular dynamics simulations.
22
 The behavior as 
bioactive matrices for cell viability was also proved by copolymers obtained by Suzuki 
polycondensation.
21
  
In this work we take advantage of a new macromonomer to investigate the effect of 
the PEG / Th ratio in the properties of graft copolymers made of PEG attached to PTh 
(PThn-g-PEG). More specifically, the synthesis and characterization of a 
macromonomer made of -terthiophene (Th3) bearing a PEG chain of MW= 2000 at the 
3-position of the central heterocycle (Th3-PEG2000, Scheme 2), was recently reported by 
some of us.
24
 Although our first aim was to increase the PEG / Th ratio of graft 
copolymers by preparing PTh3-g-PEG2000 (Scheme 2), anodic polymerization of Th3-
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PEG2000 was completely unsuccessful even varying the experimental conditions (i.e. 
solvents, electrolyte, electrode, potential, etc) with respect to those used for PTh5-g-
PEG2000.
20,21
 This drawback was attributed to the steric effects provoked by the PEG 
chain at the reactive positions of the thiophene rings, which make difficult the 
polymerization process and preclude the formation of a homogeneous and stable film. 
In order to overcome this limitation, we have added Th3 to the polymerization medium 
(Scheme 3). The graft copolymer derived from the anodic copolymerization of Th3-
PEG2000 and Th3, which has been denoted PTh3
*
-g-PEG2000, presents a PEG / Th ratio 
significantly lower than that of PTh5-g-PEG2000. 
 
Scheme 2 
 
Scheme 3 
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properties (optical and electrochemical) of PTh3
*
-g-PEG2000 and PTh3 prepared under 
identical experimental conditions have been investigated. Furthermore, the cytotoxicity, 
biocompatibility and electrocompatibility of PTh3
*
-g-PEG2000 have been examined to 
analyze the potential advantages of this copolymer with respect to PTh5-g-PEG2000 in 
biomedical applications.  
 
METHODS 
Materials. All used solvents were purified and dried by usual methods. PEG with 
Mw=2000 (Aldrich), ), 3-thiophene carboxylic acid (Aldrich), 2-thiophene boronic acid 
(Aldrich),N,N'-dicyclohexylcarbodiimide (DCCI) (Merk), 4-dimethylamino pyridine 
(DMAP) (Aldrich), Pd(PPh3)4 (Aldrich), anhydrous lithium perchlorate (Sigma-
Aldrich) and Th3 (Aldrich) were used as received. 
For cell culture experiments, Cos-7 cells were purchased from ATCC (USA). 
Dulbecco’s phosphate buffered saline solution (PBS) without calcium chloride and 
magnesium chloride, Dulbecco’s modified Eagle’s medium (DMEM, with 4500 mg of 
glucose/L, 110 mg of sodium pyruvate/L and (2 mM) L-glutamine), penicillin-
streptomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 
97.5%) and trypsin-EDTA solution (0.05% trypsin, 0.02% EDTA) were all purchased 
from Sigma-Aldrich (USA). Fetal bovine serum (FBS) and trypan blue stain (0.4%) 
were purchased from Gibco, UK. Dimethyl sulfoxide (99.0%) was purchased from 
Panreac Quimica S.A.U. (Spain) and sodium azide (NaN3, ≥99.5%) from Sigma-
Aldrich (USA).  
For protein adsorption, collagen solution type I from calf skin (0.1% solution in 0.1 
M acetic acid) was purchased from Sigma-Aldrich. 
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Synthesis and characterization of oligomer Th3-PEG2000. By using the synthetic 
strategy already reported,
24
 Th3-PEG2000 was synthesized following the chemical route 
presented in Scheme 4. The 
1
H-NMR spectrum of Th3-PEG2000 in acetone-d6 was in 
excellent agreement with that already reported.
24
  
 
Scheme 4 
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prepared using the same experimental conditions but considering a 1mM Th3 
acetonitrile solution with 0.1 M LiClO4 as the generation medium. 
Contact profilometry. The thickness of the films was determined using a Dektak 150 
stylus profilometer (Veeco, Plainview, NY). Different scratches were intentionally 
provoked on the films and measured to allow statistical analysis of data. Imaging of the 
films was conducted using the following optimized settings: tip radius= 2.5 m; stylus 
force= 1.5 mg; scan length= 1 m; and speed= 1.5 nm/s. The thickness was measured 
using two different items: (i) the vertical distance (VD), which corresponds to the 
difference between the height polymer and the height of the steel substrate without any 
average; and (ii) the average step height (ASH), which measures the difference between 
the average height of the polymer and the average height of the steel substrate.  
X-Ray photoelectron spectroscopy (XPS). XPS analyses were performed in a SPECS 
system equipped with a high-intensity twin-anode X-ray source XR50 of Mg/Al (1253 
eV / 1487 eV) operating at 150 W, placed perpendicular to the analyzer axis, and using 
a Phoibos 150 MCD-9 XP detector. The X-ray spot size was 650 m. The pass energy 
was set to 25 and 0.1 eV for the survey and the narrow scans, respectively. Charge 
compensation was achieved with a combination of electron and argon ion flood guns. 
The energy and emission current of the electrons were 4 eV and 0.35 mA, respectively. 
For the argon gun, the energy and the emission current were 0 eV and 0.1 mA, 
respectively. The spectra were recorded with a pass energy of 25 eV in 0.1 eV steps at a 
pressure below 610-9 mbar. These standard conditions of charge compensation resulted 
in a negative but perfectly uniform static charge. The C 1s peak was used as an internal 
reference with a binding energy of 284.8 eV. The surface composition was determined 
using the manufacturer’s sensitivity factors. 
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FTIR spectroscopy. FTIR spectra were recorded on a Nicolet 6700 
spectrophotometer. For this purpose, films were scrapped off from the electrode and 
dried under vacuum. FTIR spectra were recorded using KBr discs at a 6 cm
-1
 resolution 
(60 scans).  
Scanning electron microscopy (SEM). SEM studies were performed to investigate 
the effect of the applied synthetic approach on the surface morphology of the films. 
Dried samples were placed in a Focused Ion Beam Zeiss Neon 40 scanning electron 
microscope operating at 5 kV, equipped with an EDX spectroscopy system. 
Atomic force microscopy (AFM). Topographic images were obtained with an AFM 
Dimension 3100 microscope and an AFM Multimode TM microscope using a 
NanoScope IV controller (Bruker) under ambient conditions in tapping mode. The root 
mean square roughness (Rq), which is the average height deviation taken from the mean 
data plane, was determined using the statistical application of the NanoScope Analysis 
software (1.20, Veeco). AFM measurements were performed on various parts of the 
films, which produced reproducible images similar to those displayed in this work. The 
scan window size was 55 m2. 
Wettability. Contact angle measurements were obtained using the sessile water drop 
method at room temperature and controlled humidity. Images of 5 µL distillated water 
drops on the nanomembrane surfaces were recorded after stabilization (10 s) with the 
equipment OCA 20 (DataPhysics Instruments GmbH, Filderstadt). The software SCA20 
was used to analyze the images and acquire the contact angle value. Contact angle 
values were obtained as the average of 10 independent measures for each sample. 
UV-vis spectroscopy. Spectra of PTh3
*
-g-PEG2000 and PTh3 films were obtained 
using a UV-vis-NIR Shimadzu 3600 spectrophotometer equipped with a tungsten 
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halogen visible source, a deuterium arc UV source, a photomultiplier tube UV-vis 
detector, and an InGaAs photodiode and cooled PbS photocell NIR detectors. Spectra 
were recorded in the absorbance mode using the integrating sphere accessory (model 
ISR-3100), the wavelength range being 185-3300 nm. The interior of the integrating 
sphere was coated with highly diffuse BaSO4 reflectance standard. Uncoated ITO glass 
was used as reference. Films were deposited on ITO-glass electrodes for measurements. 
Single-scan spectra were recorded at a scan speed of 60 nm/min. Measurements, data 
collection and data evaluation were controlled by the computer software UVProbe 
version 2.31.  
Electrochemical properties. The electroactivity and electrostability were studied by 
cyclic voltammetry (CV) using a 0.1 M phosphate buffer saline solution (PBS; pH= 7.4 
adjusted with NaOH). The initial and final potentials were –0.40 V, and the reversal 
potential was 0.80 V. A scan rate of 50 mV/s was used in all cases. The electroactivity 
and electrostability were determined through direct measure of the anodic and cathodic 
areas in the control voltammograms using the GPES software. 
Cytotoxicity, cellular adhesion and cellular proliferation. All cellular assays were 
performed using Cos-7 cells, which are fibroblast-like, from monkey kidney. These 
carcinogenic cells were selected due to their fast growth. Cells were cultured in DMEM 
high glucose supplemented with 10% FBS, penicillin (100 units/mL), and streptomycin 
(100 µg/mL). The cultures were maintained in a humidified incubator with an 
atmosphere of 5% CO2 and 95% O2 at 37ºC. Culture media were changed every two 
days. When the cells reached 80-90% confluence, they were detached using 1-2 mL of 
trypsin (0.25% trypsin/EDTA) for 5 min at 37 °C. Finally, cells were re-suspended in 5 
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mL of fresh medium and their concentration was determined by counting with a 
Neubauer camera using 0.4% trypan blue as a vital dye. 
PTh3
*
-g-PEG2000 (75:25 and 50:50 Th3-PEG2000:Th3) and PTh3 deposited onto steel 
AISI 316 sheets of 1 cm
2
 were placed in plates of 24 wells and sterilized using UV 
irradiation for 15 min in a laminar flux cabinet. Controls for cytotoxicity were 
simultaneously performed by culturing cells on the surface of the tissue culture 
polystyrene (TCP) plates and steel plates, whereas steel plates were the only control for 
adhesion and proliferation assays. For cytotoxicity and adhesion assays, an aliquot of 50 
L containing 5104 cells was deposited on the film of each well. Then, attachment of 
cells to the film surface was promoted by incubating under culture conditions for 30 
min. Finally, 500 µL of the culture medium were added to each well. After 24 h, all 
cells in the well were quantified to evaluate the cytotoxicity of the materials, whereas 
cellular adhesion was determined by quantifying exclusively the cells attached to PTh3
*
-
g-PEG2000, PTh3 or the control. For proliferation assays, the 50 L aliquots deposited on 
each well contained 2104 cells. Quantification of viable cells onto the evaluated 
materials was performed after 72 hours of culture.  
Cell adhesion and viability were evaluated by the colorimetric MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, which determines the 
cell viability.
25
 This assay measures the ability of the mitochondrial dehydrogenase 
enzyme of viable cells to cleave the tetrazolium rings of the MTT and form formazan 
crystals, which are impermeable to cell membranes and, therefore, are accumulated in 
healthy cells. This process is detected by a color change: the characteristic pale yellow 
of MTT transforms into the dark-blue of formazan crystals. Specifically, 50 mL of MTT 
solution (5 mg/mL in PBS) were added to each well. After 3 h of incubation, samples 
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were washed twice with PBS and stored in clean wells. In order to dissolve formazan 
crystals, 1 mL of DMSO/methanol/water (70/20/10 % v/v) was added. Finally, the 
absorbance at 540 mm was measured using a UV-vis spectrophotometer (UV-3600, 
Shimadzu). The resulting viability results were normalized to TCP control as relative 
percentages. Results were derived from the average of four replicates (n= 4) for each 
independent experiment.  
The toxicity of the Th3 monomer was determined using Cos-7 cells. From a stock 
10010-3 M monomer solution in acetonitrile concentrations ranging from 0.210-3 to 
2010-3 M in culture medium were prepared by dilution. Experiments were carried out 
at 96 wells plates. An aliquot of 50 mL of 2105 cells/mL was seeded at each well and 
50 mL of monomer solution was added to reach a final volume of 100 mL in each well 
with monomer concentrations ranging from 0.1 to 1010-3 M. Controls were run at the 
same plate without monomer (zero concentration) and with acetonitrile as solvent 
control. The cells were maintained in culture for 24 h. After this, the MMT assay was 
used to determine the cell viability. 
Adsorption of collagen. We have used a 0.1% (1 mg/mL) solution of calf skin 
collagen in 0.1 M acetic acid (Sigma-Aldrich). A thin protein layer coating was 
deposited onto the surface of PTh3
*
-g-PEG2000 and PTh3 films to facilitate the 
attachment of anchorage-dependent cells. For this purpose, films were placed into a 
culture plate of 24 wells, and sterilized by exposure to UV light during 15 min. The 
collagen solution (1 mg/mL) was diluted 10-fold with sterile water to obtain a working 
concentration of 0.01%. Then, films were superficially coated with 10 µg/cm
2
. In order 
to facilitate the binding of the collagen to the films, materials were incubated overnight 
at 37 °C. The excess of fluid was removed from the coated surface, and allows it to dry 
 14 
 
overnight at room temperature in the laminar flux cabinet. Finally, the coated films were 
rinsed with PBS before seeding cells onto the matrix for evaluated the cytotoxicity and 
cellular adhesion. 
Statistical analyses. Statistical analysis were performed with a confidence level of 
95% (p<0.05) using one-way ANOVA followed by Tukey’s test. 
 
RESULTS AND DISCUSSION 
Preparation of PTh3
*
-g-PEG2000 
Independently of the polymerization time, as prepared PTh3
*
-g-PEG2000 and PTh3 
films doped with 

4ClO  showed brownish orange and dark blue color, respectively, 
which represent a significant difference with respect to the intense yellow color of 
PTh5-g-PEG2000 prepared with the same dopant.
22
 All these materials were completely 
insoluble, as is usual in polymers prepared by anodic polymerization. 
The thickness of PTh3
*
-g-PEG2000 and PTh3 films was determined by profilometry, 
results considering the VD and ASH procedures being fully consistent (ESI). The 
thickness of all films was around 0.90.1 m, independently of the content of Th3-
PEG2000 units. This value is noticeably higher than that reached for PTh5-g-PEG2000 
using a polymerization time of 1500 s and a potential of 0.75 V (i.e. 1095 nm),23 
which is fully consistent with the poor polymerizability of Th3-PEG2000 
macromonomers. On the other hand, as the final composition of the two copolymers has 
been only determined qualitatively due to their insolubility (see below), the terminology 
used in this work always refer to the feeding composition (i.e. 75:25 and 50:50 Th3-
PEG2000:Th3). 
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Table 1 compares the atomic percent compositions obtained for PTh3
*
-g-PEG2000 and 
PTh3 using XPS (ESI). The C/S ratio obtained for PTh3 (3.9) is in good agreement with 
the expected value (4.0). However, the C/S ratio of the two PTh3
*
-g-PEG2000 
copolymers (5.0 and 4.5 for 75:25 and 50:50, respectively) is considerably closer to that 
expected for PTh3 than to that of PTh3-g-PEG2000 (32.7), corroborating the difficulties 
associated to the polymerization of Th3-PEG2000 macromonomers. These values confirm 
that the content of Th3 units is higher for the 50:50 copolymer than for the 75:25 one. 
On the other hand, the Cl/S ratio of PTh3-g-PEG2000 (0.30 and 0.15 for 75:25 and 50:50, 
respectively) and PTh3 (0.23) reflect that the doping level is relatively low in all cases, 
especially for the systems with a higher content of Th3 units.  
The FTIR spectra of PTh3
*
-g-PEG2000 and PTh3 are displayed in Figure 1. The C–H 
out of plane ring deformation absorption in the spectrum of PTh3 is detected at 735 cm
-1
 
as a shoulder only, proving that the polymerization of Th3 mainly involves linkages at 
the –’ positions (i.e. PTh3 chains tend to grow linearly). This is consistent with the 
absorption shoulder detected at 3070 cm
-1
 for PTh3, which also evidences a low fraction 
of hydrogen atoms at the C-position of the Th ring. These shoulder are not observed 
for the PTh3
*
-g-PEG2000 copolymers. The peak at 791 cm
-1
 corresponds to the C–H out 
of plane bending modes. The absorption intensity at 1630 cm
-1
 has been attributed to the 
C=C stretching vibration of the Th ring, reflecting the conjugation behavior of the 
polyaromatic backbone. On the other hand, the band at 1120 cm
-1
 corresponds to the 

4ClO  dopant agent.  
The PEG component absorptions, which are similar to those reported for PTh5-g-
PEG2000,
20
 appear at 2925 cm
-1
 (antisymmetric CH3), 1402 and 1327 cm
-1
 (CH2 
wagging), 1265 cm
-1
 (CH2 twisting) and 1160 cm
-1
 (CO). The peak associated to the 
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C=O group of the ester linkage between the conjugated PTh chain and the PEG chain 
has been identified at 1728 cm
-1
. This peak is more intense for the 75:25 copolymer 
than for the 50:50 one, proving that the former contains the highest content of 
polymerized Th3- PEG2000 macromonomer. This feature is fully consistent with the 
intensity of the antisymmetric CH3 band at 2925 cm
-1
, which is also higher for the 75:25 
copolymer. 
In order to obtain a rough estimation of the composition of the two prepared PTh5-g-
PEG2000 copolymers, the ratios of the areas associated to the absorptions band at 2925 
cm
-1
 (antisymmetric CH3) and 1630 cm
-1
 (C=C stretching vibration of the Th ring) were 
evaluated. Results indicate that the copolymers derived from 50:50 and 75:25 Th3-
PEG2000:Th3 weight ratios present, respectively, 4 and 2 Th3 units per Th3-PEG2000 
unit. This estimation is in good agreement with previously discussed XPS observations. 
Unfortunately, the insolubility of the copolymers precludes a more quantitative 
determination of their final composition by other techniques, as for example NMR. 
 
Surface properties 
The surface morphology of PTh3
*
-g-PEG2000 and PTh3 films was examined by SEM 
(Figure 2). Low and medium resolution micrographs reveal the formation of 
agglomerates onto the surface of PTh3
*
-g-PEG2000 films, perturbing the very compact 
aspect detected at the level surface of graft copolymer films. The frequency and 
dimensions of these aggregates increase with the content of Th3 in the generation 
medium, which is corroborated by examining the surface morphology of PTh3 films 
(Figure 2). Thus, PTh3 shows a very high concentration of large aggregates at the 
surface. High resolution SEM micrographs (Figure 2) indicate that the texture of these 
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aggregates is similar to that of the leveled surface for PTh3. In contrast, the textures of 
the leveled surface and the aggregates deposited onto it are very different for PTh3
*
-g-
PEG2000 films, this feature being especially remarkable for copolymer derived from the 
75:25 ratio.  
2D and 3D AFM height images are displayed in Figure 3. The topography of the 
75:25 PTh3
*
-g-PEG2000 film consists on a distribution of sharp, narrow and relatively 
low peaks. Both the width and height of these peaks increase significantly in the 50:50 
PTh3
*
-g-PEG2000 film, which has been attributed to the incorporation of the Th3 
macromonomers. This provokes a significant enhancement of the RMS roughness (Rq), 
which increases from 5635 to 7415 nm with the concentration of Th3 in the 
generation medium. These features are magnified in PTh3 films, which show not only 
the widest and highest peaks but also an Rq= 137 52 nm. These results, which are in 
very good agreement with previous SEM observations, suggest that Th3 units do not 
incorporate homogeneously. Indeed, the roughness determined for PTh5-g-PEG2000 
films was of only Rq= 12.12.1 nm.  
Contact angle values determined for 50:50 PTh3
*
-g-PEG2000 and PTh3 are 90º4º and 
89º2º, respectively, evidencing the hydrophobic nature of the thiophene rings. These 
values suggest that the 50:50 copolymer incorporates a high amount of Th3 at the latter 
steps of the electrochemical polymerization process, hydrophilic PEG chains remaining 
inside the films. Accordingly, contact angle measurements, which provide information 
about the hydrophilic or hydrophobic behavior at the surface, evidence that both 50:50 
PTh3
*
-g-PEG2000 and PTh3 surfaces contain similar distributions of similar 
polyconjugated chains. In contrast, the contact angle obtained for 75:25 PTh3
*
-g-
PEG2000, 67º5º, indicates an enhancement of the surface hydrophilicity due the PEG 
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chains. The contact angle reported for PTh5-g-PEG2000, 76º5º,
22
 is intermediate 
between those measured for 75:25 and 50:50 PTh3
*
-g-PEG2000 films. 
 
Optical and electrochemical properties 
Figure 4a compares the UV-vis spectra of 75:25 and 50:50 PTh3
*
-g-PEG2000. The 
shapes of the two spectra are similar, showing a broad absorption band with max at 458 
and 501 nm, respectively. This band, which corresponds to the -* transition, have 
been used to approximate the optical -* lowest transition energy (Eg) by estimating 
the onset wavelength (onset= 573 and 566 nm for the 75:25 and 50:50 copolymer 
respectively), the resulting values being 2.16 (75:25) and 2.19 eV (50:50). These Eg 
gaps are slightly lower than those reported for PTh5-g-PEG1000 and PTh5-g-PEG2000 
doped with 

4ClO  (2.25 and 2.29 eV, respectively), which were estimated using the 
same methodology.
22
 Accordingly, the -electron delocalization in graft copolymers 
made of PTh and PEG increases with decreasing PEG / Th ratio. 
The UV-vis spectrum recorded for PTh3 is included in Figure 4a. The Eg estimated 
for -* lowest transition energy (max= 458 nm) is 2.28 eV (onset= 543 nm). This gap is 
higher than those described for PTh derivatives with small substituents at the -position 
(e.g. poly(thiophene-3-methyl acetate), 1.98-2.17 eV;
26
 poly(3-chlorothiophene), 2.14 
eV;
27
 and poly(3-bromothiophene), 1.93-1.97 eV
28
). This feature suggests that Th3 
repeat units may polymerize forming - and/or - linkages in addition to the 
expected - linkages. On the other hand, the PTh3 spectrum shows a broad absorption 
tail between 500 and 700 nm ascribed to the polaronic band of the conductive 
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quinoid form. This is considerably smaller for the 50:50 graft copolymer and practically 
inappreciable for the 75:25 one.  
Figure 4b compares the cyclic voltammograms recorded for PTh3
*
-g-PEG2000 and 
PTh3. The 75:25 PTh3
*
-g-PEG2000 copolymer shows the highest electrochemical activity 
(electroactivity), which refers to the ability to exchange charge reversibly and increases 
with the similarity between the anodic and cathodic areas. Thus, the electroactivity of 
PTh3 and 50:50 PTh3
*
-g-PEG2000 is around 30% and 20% lower than that of the 75:25 
graft copolymer. This feature may be attributed to two different reasons: (1) the 
conjugation length in PTh3 is relatively small due to the formation of cross-linking (i.e. 
polymer chains grow not only through - linkages between units but also through - 
and - linkages); and/or (2) the structure becomes more compact with increasing 
amount of Th3 units, making more difficult the access and escape of the dopant ions into 
the dopant ions during the redox processes. 
The degree of cross-linking is typically determined by the number of electrons 
consumed to incorporate a monomer into the polymer and to oxidize the resulting chain 
(nox), this information being determined through the electropolymerization kinetics (i.e. 
by considering different polymerization for the generation of polymer films under a 
constant potential).
29,31
 After discounting the oxidation charge used to compensate the 
charge of the dopant ion (i.e. doping level), the average number of electrons per 
monomer (nav) incorporated into a linear polymer chain obtained from a typical 
condensation should be nav 2.0 (i.e. two protons and two electrons are involved in the 
formation of the - bond between the terminal repeat unit of the chain and the 
incorporated monomer.
29,31
 Thus, cross-links are proved when nav> 2.0. 
The value of nox for PTh3 has been determined using the following equation:
29-31
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
  (1) 
where M is the molar mass of PTh3, Qpol is the polymerization charge consumed in each 
process (in mC/cm
2
) calculated from the chronoamperograms, F is the Faraday constant, 
Wox is the film weight (in mg/cm
2
) and Wdop is the mass of 

4ClO  per polymer unit of 
mass. The doping level (dl) of PTh3 and, therefore, Wdop were estimated 
electrochemically using the following equation:  
 100
2
dl
0
0 


QQ
Q
D
 (2) 
where QD is the total charge used for the nanocomposite deposition and Q0 is the total 
charge of oxidized species in the nanocomposite films. The value of dl is used to obtain 
nav: 
 dloxav  nn  (3) 
The electrochemical doping level for PTh3 is 0.12, this value being even lower than 
that roughly estimated by EDX (i.e. 0.23). This corresponds to a 

4ClO  molecule every 
8.3 Th3 repeat units (i.e. every 25 thiophene rings). On the other hand, the values of nox 
and nav are 2.08 and 1.96, respectively. This feature indicates that the PTh3 matrix is 
formed by linear chains in which Th3 units are attached though - linkages. 
The porosity of PTh3
*
-g-PEG2000 and PTh3 was quantified through the parameter ,
32
 
which is calculated as follows: 
 100
0
100 




 (4) 
where ℓ0 and ℓ10 refer to the thickness before applying any redox cycle (as prepared 
samples) and after 10 consecutive oxidation-reduction cycles, respectively. Although all 
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samples experience a reduction after 10 redox cycles (ESI), the porosity being 
significantly higher for the graft copolymers (= 18.9% and 14.8% for 75:25 and 50:50 
PTh3
*
-g-PEG2000, respectively) than for PTh3 (= 7.1%). This remarkable difference, 
which explains the higher ability to store charge of the copolymers, should be attributed 
to the molecular architecture of PTh3
*
-g-PEG2000 and PTh3. Thus, PTh3 forms linear 
chains that adopt a compact aligned disposition due to the geometric constraints 
associated to the heterocyclic rings.
33
 In contrast, the grafted architecture of PTh3
*
-g-
PEG2000 molecules, in which PEG side chains present coiled or extended conformations 
depending on environment
22
 while PTh backbones adopt a linear disposition, favors an 
organization with cavities. The cavities of these porous matrices tend to disappear upon 
aggressive consecutive oxidation-reduction cycles, provoking a significant reduction in 
the thickness of the films (ESI).  
The electrochemical stability (electrostability), which has been evaluated through the 
loss of electroactivity (LEA) against the number of oxidation-cycles (ESI), decreases 
with the oxidation and reduction areas of consecutive control voltammograms. Cyclic 
voltammograms recorded after 10 consecutive oxidation-reduction cycles (ESI) results 
in LEA values of 25% and 15% for the 75:25 and 50:50 copolymers, and of 35% for 
PTh3. Thus, the compactness of the films increases with the number of redox cycles 
and, therefore, the access and escape of dopant anions into the polymeric matrix become 
less favored when the number of these Faradaic processes increases. In spite of this, the 
most stable material after 10 redox cycles is the 75:25 PTh3
*
-g-PEG2000 copolymer, the 
electroactivities of 50:50 PTh3
*
-g-PEG2000 and PTh3 being very similar and 20% 
smaller. It is worth nothing that the LEA measured for PTh5-g-PEG2000 after 10 redox 
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cycles was of 35%.
22
 Accordingly, the latter is less electrostable than 75:25 PTh3
*
-g-
PEG2000. 
 
Cytotoxicity 
The potential cytotoxicity of PTh3
*
-g-PEG2000 and PTh3 was elucidated by culturing 
Cos-7 cells in plate wells containing steel sheets covered by these organic materials. 
Cytotoxicity was determined after 24h using the MTT assay and quantifying all viable 
cells contained in the wells, which allowed us to consider the toxic effects associated 
not only to the polymeric matrix but to small molecules (e.g. acetonitrile, monomer and 
dopant molecules) or oligomers that could be eventually released from the polymeric 
matrix. Results displayed in Figure 5 reflect the cytotoxic effects of PTh3, which reduce 
cells viability about 50% with respect TCP and steel controls. In contrast, these negative 
effects are not observed for 75:25 and 50:50 copolymers that show viabilities slightly 
higher than those of the controls This behavior should be attributed to, monomers, small 
oligomers and medium size harmful molecules that are leaching out from the PTh3 
films. This phenomenon does not occur in PTh3
*
-g-PEG2000 matrices because the size 
and flexibility of PEG side chains contribute to the immobilization of such medium size 
components, making difficult or even precluding their delivery to the medium.  
In order to check if monomers and small oligomers, which are typically retained in a 
small fraction within polymeric matrices, may affect the cellular viability if they are 
released to the culture medium, toxicity curves were determined for Cos-7 cells cultured 
in presence of the Th3 monomer during 24 h. Results, which are displayed in Figure 6, 
were obtained by subtracting the toxic effect of the acetonitrile solvent from the curve 
of the monomer to obtain reliable information about its own toxicity. As it can be seen, 
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the maximum of toxicity is reached when the concentration of Th3 is around 510
-5
 M 
becoming stable at higher concentrations. The overall of the results obtained in this 
subsection demonstrates that Cos-7 cells can be cultured on the PTh3
*
-g-PEG2000 
copolymers because the PEG chains avoids the exposition of the cells to concentrations 
of monomer and small oligomer large enough to affect their viability. Unfortunately, 
this is not possible for possible in PTh3, which requires from alternative strategies, like 
that described below, to avoid the release of the entrapped toxic compounds.  
 
Cellular adhesion and proliferation 
The biocompatibility of PTh3
*
-g-PEG2000 and PTh3 was examined by comparing the 
abilities of these organic matrices to enhance cellular adhesion and proliferation onto 
the prepared films. In this case steel was considered as the control substrate since 
polymeric films were directly deposited on this material. Quantitative results for cellular 
adhesion are displayed in Figure 7a. As expected, cellular adhesion onto PTh3 is 
severely conditioned by the cytotoxicity of this matrix (Figure 5), relatively viability of 
Cos-7 cells onto the film after 24 h being very low (30%). In opposition, quantification 
of cell adhesion onto 75:25 and 50:50 PTh3
*
-g-PEG2000 films reveals activities of 60% 
and 70%, respectively, which are higher than those of the steel control substrate. 
Cell adhesion affects cell proliferation (Figure 7b), the number of cells on the surface 
of the films after 72 h being significantly higher for the two graft copolymers (70%) 
than for PTh3 (25%). Indeed, the relative viability per unit of area determined for steel 
(50%) is also significantly higher than for PTh3. These results support the negative 
effect associated to the release of medium size oligomers from the PTh3 matrix. 
Comparison of these results with those reported for PTh5-g-PEG2000
22
 reveals that 
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PTh3
*
-g-PEG2000 is more biocompatible. Thus, the relative viabilities determined for 
PTh5-g-PEG2000 using steel as the control reference are 60% and 65% for cellular 
adhesion and proliferation assays, respectively. The biocompatibility of PThn-g-PEG 
increases with decreasing PEG / Th ratio. Although PEG is a well-known biocompatible 
polymer,
34,35
 the ion exchange ability of the electroactive backbone also plays a crucial 
role. Therefore, the biocompatibility of PThn-g-PEG results from the balance between 
the benefits induced by the PEG side chains and the length of the PTh backbone. 
 
Electrocompatibility 
Control voltammograms of PTh3
*
-g-PEG2000 and PTh3 coated with Cos-7 cells are 
displayed in Figure 8a. Comparison with the voltammograms recorded for the uncoated 
films (Figures 4b) indicates that cells provoke in all cases a significant increase of the 
maximum value of anodic current density (jmax), which corresponds to that obtained at 
the reversal potential. More specifically, jmax increases from 0.38 / 0.24 to 0.74 / 0.55 
mA/cm
2
 for 75:25 / 50:050 copolymer films and from 0.21 to 0.47 mA/cm
2
 for PTh3. 
Moreover, Cos-7 cells enhance considerably the ability of PTh3
*
-g-PEG2000 and PTh3 
films to store charge, even though electroactivity follows the same relative order that 
without cells: 75:25 copolymer > 50:50 copolymer > PTh3. The electroactivity of 
PTh3
*
-g-PEG2000 and PTh3 increases 165% and 120%, respectively, upon coating will 
cells. This feature is consistent with the exchange of ions between the PTh-containing 
matrix and the cells. 
Application of consecutive oxidation-reduction cycles led to a reduction of the 
electroactivity in all cases, as is clearly reflected in the voltammograms recorded after 
10 redox cycles (Figure 8b). Thus, the electroactivity of the 75:25 and 50:50 
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copolymers and PTh3 cells coated with cells underwent a reduction of LEA= 22%, 18% 
and 6%, respectively, after 10 cycles. In spite of this, it is worth noting that the 
electroactivity of polymeric films coated with cells when submitted to 10 redox cycles 
is around 85%-100% higher than the electroactivity of as prepared films without cells. 
Accordingly, application of oxidation and reduction potentials to cells does not provoke 
a moderate reduction of the benefits induced by such living systems, the 
electrochemical behavior of coated films being better than that of films without cells.  
These results evidence that the ability to exchange charge reversibly of the three 
coated materials depends on the interactions at the interface between the surface of the 
substrate and the cellular monolayer. This feature, which occurs similarly for75:25 and 
50:50 PTh3-g-PEG and PTh3, suggests that the contribution of polymer-cell interactions 
is more important than the chemical nature and intrinsic properties of the polymeric 
material.  
 
Cytotoxicity and cellular adhesion of PTh3
*
-g-PEG2000 / collagen platforms 
Protein adsorption onto surfaces is the first stage that takes place in cell adhesion and 
proliferation processes when biomaterials contact living cells in the appropriated media. 
Type I collagen is the most common collagen isotype. In addition, type I collagen is one 
of the most abundant extra cellular matrix (ECM) proteins, which is known to bind 
fibronectin, another important ECM protein, for early adhesion.
36
 The cellular response 
of polymeric materials has been shown to be influenced by the adsorption of collagen 
onto their surface.
37-39
 In order to look for an improvement in the properties of PThn-g-
PEG as bioactive platforms, in this work collagen has been adsorbed onto the surface of 
PTh3
*
-g-PEG2000 and PTh3 films using the procedure described in the Methods section.  
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The cytotoxicity of PTh3
*
-g-PEG2000 / collagen and PTh3 / collagen was evaluated 
through viability assays, as those described above, using Cos-7 cells. Results (Figure 9) 
indicate that collagen does not improve appreciably the cell viability of PTh3
*
-g-
PEG2000 copolymers, which was found to be relatively high for films without 
superficially absorbed protein (Figure 5). However, a very noticeable result is that 
adsorbed collagen inhibits the cytotoxicity of PTh3 films, the relatively viability of PTh3 
/ collagen being practically identical to those of PTh3
*
-g-PEG2000 and PTh3
*
-g-PEG2000 / 
collagen. This result corroborates that the cytotoxicity of PTh3 is due to the release of 
medium size harmful molecules from the polymeric matrix to the culture medium. This 
phenomenon is precluded in PTh3 / collagen by the layer of protein deposited onto the 
polymeric surface, which acts as a stopper.  
Finally, the fibrous protein matrix on the top layer of PTh3
*
-g-PEG2000 / collagen and 
PTh3 / collagen favors cellular adhesion (Figure 10) with respect to that observed for 
same organic films but without protein coating (Figure 5). As expected, the increment is 
higher for PTh3 (30%) than for the graft copolymers (< 20%) because of the inhibition 
of cytotoxic effects in the former. These results allow us to conclude that, although the 
cellular response of bioactive platforms based graft copolymers with electroactive and 
hydrophilic characteristics is intrinsically very good, it can be easily enhanced by 
adding a top collagen layer. Thus, the role of this absorbed bio-layer is not only to 
enhance cell growth but also to act as a stopper, preventing eventual cytotoxic effects 
associated to the delivery of harmful molecules.   
 
CONCLUSIONS 
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PTh3
*
-g-PEG graft copolymers have been prepared by anodic copolymerization 
using a mixture of Th3-PEG and Th3 macromonomers. Although determination of the 
final composition is a very difficult task because of the insolubility of the copolymers, 
qualitative estimations obtained by FTIR suggest that materials derived from 50:50 and 
75:25 Th3-PEG2000:Th3 feeding compositions present 4 and 2 Th3 units per Th3-
PEG2000 unit, respectively. The optical (Eg) and electrochemical (electroactivity and 
electrostability) properties of these graft copolymers have found to be better than those 
of PTh5-g-PEG and PTh3. This behavior has been attributed to a combination of two 
factors: (1) conjugated chains are longer in PTh3
*
-g-PEG than in PTh5-g-PEG; and (2) 
the porosity of graft copolymers facilitates the access and escape of dopant ions during 
Faradaic processes, which is not possible in compact structures formed by linear PTh3 
chains.  
Analyses of cytotoxicity, cellular adhesion and proliferation and electro-
compatibility of polymeric substrates covered by cells reveal that the behavior of PTh3
*
-
g-PEG as bioactive platform is better than those of PTh5-g-PEG and PTh3. More 
specifically, PTh3 has been found to be cytotoxic, which have been attributed to the 
release of medium size harmful molecules from the polymeric matrix to the culture 
medium. Cellular adhesion and proliferation on the surface of graft copolymers have 
been found to increase with decreasing PEG / PTh ratio, while the biocompatibility of 
PTh3 is very low because of its cytotoxic effects. PTh3
*
-g-PEG copolymers have shown 
the highest electro-compatibility with cells. Thus, the electroactivity and 
electrochemical stability of PTh3
*
-g-PEG coated with cells have been found to be 
significantly higher not only than those of all other examined substrates with and 
without cells but also than those of uncoated PTh3
*
-g-PEG. Finally, the noxious 
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cytotoxic effects of PTh3 have been eliminated by incorporating a thin layer of collagen 
adsorbed onto the polymeric matrix, which acts as a stopper and enables cellular 
adhesion. 
In summary, the behavior of PTh3
*
-g-PEG copolymers, especially the 75:25, as 
electroactive substrates for biomedical applications is very good. Thus, these 
hydrophilic materials promote cell growth and are electro-compatible will cells. Current 
research is oriented towards cell regeneration onto 75:25 PTh3
*
-g-PEG bioactive 
substrates through electrical stimulation for different advanced biomedical applications. 
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CAPTIONS TO FIGURES 
Figure 1. FTIR spectra of PTh3
*
-g-PEG2000 (75:25 and 50:50 Th3-g-PEG2000: Th3) and 
PTh3.  
Figure 2. Low, medium and high resolution SEM micrographs of PTh3
*
-g-PEG2000 
(75:25 and 50:50 Th3-g-PEG2000: Th3) and PTh3.  
Figure 3. AFM height image of PTh3
*
-g-PEG2000 (75:25 and 50:50 Th3-g-PEG2000: Th3) 
and PTh3. 
Figure 4. (a) UV-vis spectra and (b) cyclic voltammograms in PBS of PTh3
*
-g-PEG2000 
(75:25 and 50:50 Th3-g-PEG2000: Th3) and PTh3 doped with 

4ClO . 
Figure 5. Cytotoxycity of PTh3
*
-g-PEG2000 (75:25 and 50:50 Th3-g-PEG2000: Th3) and 
PTh3 doped with 

4ClO . Three samples were analyzed for each group. Bars represent 
the mean standard deviation. The relative viability of Cos-7 cells was established in 
relation to the TCP control (tissue culture polystyrene). Steel was also considered as a 
control substrate because PTh3
*
-g-PEG2000 and PTh3 were deposited on this material. 
The asterisk (
*) indicates a significant difference with the control, Tukey’s test (p<0.05). 
Figure 6. Toxicity curve for Cos-7 cells of the Th3 monomer in acetonitrile. The 
toxicity of the solvent was subtracted from the cytotoxicity of the monomer. Four 
replicates were analyzed for each concentration of monomers after 24 h of culture. Each 
point represents the mean  standard error. 
Figure 7. Cellular adhesion (a) and cellular proliferation (b) on PTh3
*
-g-PEG2000 (75:25 
and 50:50 Th3-g-PEG2000: Th3) and PTh3 films. Three samples were analyzed for each 
group. Bars represent the mean standard deviation. The relative viability of Cos-7 cells 
was established in relation to the steel control, which was the substrate used to deposit 
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the films. The asterisk (
*) indicates a significant difference with the control, Tukey’s test 
(p<0.05). 
Figure 8. Cyclic voltammograms of PTh3
*
-g-PEG2000 (75:25 and 50:50 Th3-g-PEG2000: 
Th3) and PTh3 films coated with Cos-7 cells in PBS. Voltammograms of both the as 
prepared samples (a) and after ten consecutive oxidation-reduction cycles (b) are 
displayed. 
Figure 9. Cytotoxycity of PTh3
*
-g-PEG2000 (75:25 and 50:50 Th3-g-PEG2000: Th3) and 
PTh3 coated with a thin layer of adsorbed collagen. Three samples were analyzed for 
each group. Bars represent the mean standard deviation. The relative viability of Cos-7 
cells was established in relation to the TCP control (tissue culture polystyrene). Steel 
was also considered as a control substrate because PTh3
*
-g-PEG2000 and PTh3 were 
deposited on this material. The asterisk (
*
) indicates a significant difference with the 
control, Tukey’s test (p<0.05). 
Figure 10. Cellular adhesion (a) and cellular proliferation (b) on PTh3
*
-g-PEG2000 
(75:25 and 50:50 Th3-g-PEG2000: Th3) and PTh3 films coated with a thin layer of 
adsorbed collagen. Three samples were analyzed for each group. Bars represent the 
mean standard deviation. The relative viability of Cos-7 cells was established in relation 
to the steel control, which was the substrate used to deposit the films. The asterisk (
*
) 
indicates a significant difference with the control, Tukey’s test (p<0.05). 
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Table 1. Atomic percent composition (C1s, O1s, Cl2p and S2p) obtained by XPS for 
75:25 and 50:50 PTh3
*
-g-PEG2000 graft copolymers and PTh3.  
 
Sample C1s O1 Cl2p S2p 
PTh3
*
-g-PEG2000 (75:25) 67.82 14.66 4.08 13.44 
PTh3
*
-g-PEG2000 (50:50) 72.44 9.12 2.43 16.01 
PTh3 66.70 12.49 3.87 16.94 
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Figure 2  
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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GRAPHICAL ABSTRACT 
 
 
 
 
 
 
 
 
 
 
The effects of the poly(ethylene glycol)/thiophene ratio in the physical properties and 
efficacy as bioactive platforms of polythiophene-g-poly(ethylene glycol) graft 
copolymers have been investigated. Results indicate that the optical and electrochemical 
properties, the biocompatibility and the electro-compatibility of polymeric substrates 
covered by cells of these graft copolymers improves with decreasing poly(ethylene 
glycol)/thiophene ratio.  
 
 
